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External injection of electron bunches longer than the plasma wavelength in a laser wakefield 
accelerator can lead to the generation of femtosecond ultrarelativistic bunches with a couple of 
percent energy spread. Extensive study has been done on external electron bunch (e.g. one 
generated by a photo-cathode rf linac) injection in a laser wakefield for different configurations. 
In this paper we investigate a new way of external injection where the electron bunch is injected 
at a small angle into the wakefield. This way one can avoid the ponderomotive scattering as 
well as the vacuum-plasma transition region, which tend to destroy the injected bunch. In our 
simulations, the effect of the laser pulse dynamics is also taken into account. It is shown that 
injection at an angle can provide compressed and accelerated electron bunches with less than 2% 
energy spread. Another advantage of this scheme is that it has less stringent requirements in 
terms of the size of the injected bunch and there is the potential to trap more charge. 
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I. INTRODUCTION 



When an ultrashort laser pulse with high intensity propagates through a pl asma, an electron density wave (laser 
wakefield) is generated due to the ponderomotive force exerted on the electrons ( Taiima and Dawsonl . ll979| ). The elec- 



tric fields formed in the plasma are huge. Th ey have the potentia l to accelerate electrons to GeV in a plasma channel, 
of only a few centimeter, (see review article ( Esarev et aUll996i )). In the all-optical regime, where electrons from the 



background plasma are trapped in the wakefield, accelerati on of electrons has already been ob served in experiments. 
An e xample is the "bubble" injection method proposed in l|Pukhov and Mever-ter Vehnl . I2002J ) and demonstrated in 
2004 (|Faure et all 12004 iGeddes et al .1. 120041 : IM angles et a/ll2004) . where quasimonoenergetic electron bunches with 



an energy in the order of 100 MeV and an energy spread of a few percent were observed. More recently, by channeling 
the laser pulse through a 3.3 cm long plasma c hannel, electron bunc hes with an energy of an unprecedented 1 GeV 
and an energy spread of 2.5% were generated ( Leemans et aLl . l2006t h However the shot-to-shot reproducibility was 



still poor due to the strongly nonlinear dynamics of the laser-plasma interaction, which is rather sensitive to the shot- 
to-shot fluctuations in laser and plasma p arameters. The re producibility was considerably improved by employing 
a second, counterpropagating laser pulse ( Faure et all [200^) to inject some electrons from the background plasma 



into the first accelerating region of the wakefield created by the first pulse. However a well-controlled laser wakefield 
accelerator remains still a big challenge. 

More control might be obtained by using external electrons, instead of electrons from the background plasma, 
because the parameters of the injected bunch and the generated laser wakefield can be controlled independently. Also 
wakefields in the linear and weakly nonlinear regime can be used, providing a higher stability. It has been shown 
theoretically that the external injection of an electron bunch longer than the plasma wavelength in t he laser wakefield 
can le ad to the genera tion of femtosecond relativistic bunches with a re latively low energy spread (lEsirkepoy et al. 
2006; IGorbunov et all 120051: iGordon et all [2001 iHubbard et all 2005; K almvkov et all 120061: Ikhachatrvanl 12001 



20021: iKhachatrvan et all 12004 120071 120061: iLifschitz et all 120061 . 120051 ). Such an electron bunch, which typically 
needs to have an energy of a few MeV, can be obtained from a standard radio-frequency (rf) photocathode linear 
acceler ator. It is pos s ible to compress this bunch to a length of about 100 /im and focus it down to a few tens of microns 



radius ( Irman et d\. 120071 : lUrbanus et al. . 2006), which is comparable to the laser pulse spot radius in a channel- 



guided laser wakefield accelerat or. The electron bunch can be injecte d in the wakefield formed in a plasma channe l 
direc t ly behind the laser pulse (IGorbunov et al. 1. 120051: IGordon et al. 1. 120051: IHubbard" et al. |, 120051 : iKalmvkov et all 
120061 : IKhachatrvan et all . 120071 : ILifschitz et all 120051 iLuttikhof et all 120071) . but here two effects play a perturbing 
role. 

The first effect is ponderomotive scattering of the injected bunch in vacuum (|Khachatrvan et "all . 12007) . To position 
the injected electron bunch behind the laser pulse at the entrance of the plasma channel, the bunch has to go through 
the pulse in the vacuum. The ponderomotive force of the laser pulse may scatter and eventually destroy the injected 
bunch in vacuum before it can be t rapped and acce l erated in the laser wakefield. The second effect is caused by the 
transition from vacuum to plasma ( Luttikhof et all l2007h . In this transition region, which typically has a length of 



the order of a couple of millimeters for a plasma channel, the plasma wavelength changes continuously, such that the 
injected electrons experience a rapidly changing wakefield, from focusing to defocusing. This way, a large fraction of 
the electrons can be scattered away in this transition region instead of reaching the regular wakefield. 

There are two alternatives for external bunch injection into a laser wakefield, where these effects do not play a 
role. The first alternative is the injection of a low energy elec t ron bunch in a plasma channe l directly in front of 
the laser pulse (|Esirkepov et all 120061: iKhachatrvanl l200l[ 120021: IKhachatrvan et all |2004 l2006h , such that the laser 
pulse will overtake the electron bunch in the plasma. In this case, when the bunch goes through the laser pulse, the 
excited laser w akefield rough l y compensates the ponderomotive for ce, so that no ponderomotive scattering takes place 
in the plasma ( Khachatrvanl 20021 IKhachatrvan et all , |2004 120061 ) . Also the perturbing effect of the vacuum-plasma 



transition region can be avoided easily with a proper timing and, consequently, the injected bunch can be trapped, 
compressed and accelerated in the first accelerating bucket of the wakefield. 

The second alternative, proposed in ( Luttikhof et all 120071 ) is the injection of an electron bunch at an angle. In 



this scheme, the bunch is injected at a small angle into a plasma channel directly behind the laser pulse, where a 
wakefield is generated. In this case both the ponderomotive scattering and the effect of the vacuum-plasma transition 
region are avoided. 

In this article we present a detailed investigation of such injection at an angle into the laser wakefield. The novel 
injection method will be described in section [Til an d in section UTTI we will also look at the laser pulse dynamics in a 
plasma channel for typical parameters of the problem. In section IIVI the effect of this dynamics on the trapping and 
acceleration of electrons injected at an angle is investigated. Section IVl summarizes and discusses the results. 
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FIG. 1 Schematic drawing of injection at an angle into a laser wakefield. An electron bunch with velocity vt is injected into a 
laser wakefield with a small angle a with respect to the laser propagation axis. 



II. ELECTRON BUNCH INJECTION AT AN ANGLE 



In this section the working principal of injection of electron bunches at an angle is explained. A schematic drawing 
of the injection scheme is shown in figure [TJ A low-energy electron bunch with typically a few MeV kinetic energy is 
generated by an rf photocathode linac and injected at a small angle, a, directly behind a high-intensity laser pulse in a 
plasma with some offset relative to the propagation axis. This means that the electron bunch enters the wakefield from 
the transverse direction. It is preferable to inject the bunch into the wakefield close to the laser pul se because, here, the 
accel erating field is the largest and generates bunches with the highest quality, as was shown in (jKhachatryan et ali . 
l2007t ). The velocity of the electron bunch (vb) is lower than the group velocity of the laser pulse (v g ), which means 
that the electron bunch slips backward in the frame moving with the pulse. The dotted line in figure [1] indicates 
the trajectory the bunch will follow in that frame. When the longitudinally accelerating and transversely focusing 
forces of the generated wakefield are sufficiently strong, and when also other parameters are suitabl y chosen, a large 
fract ion of the injected bunch might be trapped, compressed and accelerated in the wakefield. In ( Luttikhof et ali 
2007) we proposed this method as a way to avoid ponderomotive scattering and the vacuum-plasma density transition 
as described above and we showed that the dynamics of injection at an angle lo ok much like the dynamics of injection 
in front of the laser pulse ( Khachatrvanl l2002t iKhachatrvan et "al. I. l2004l2006ft . In both cases the injected electrons 
move gradually into the wakefield. In contrast, electrons injected on-axis behind the laser pulse suddenly experi ence 
a wakefield of which the strength depends on the injection phase ( Gordon et ali [20051 : IKhachatrvan et ali [20071 ) . 

Besides avoiding ponderomotive scattering and the vacuum-plasma transition, which could also been done by 
injecting the electron bunch on-axis in front of the laser pulse, we show that there are additional advantages that 
make injection at an angle interesting. It is, for example, possible to use electron bunches of wider transverse size, 
which allows one to trap bunches with a higher charge in the wakefield. The longitudinal length of the electron 
bunch is not a critical issue, when a low energy spread is to be obtained . The injected bunch , from an rf linac, is 
typically a few times longer than the plasma wavelength X p ( Irman et ali l2007t lUrbanus et ali [2006). Even longer 
injected bunches may provide low energy spread in the accelerated bunches with this injection scheme. This gives 
several compressed and accelerated bunches in the wakefield, separated by the distance X p . The trapping distance, 
an important quantity that determines the final energy spread of the bunch, can be made relatively small (~ 1 mm 
( Luttikhof et q?J . 12007)) by choosing larger angles. The wakefield should however be sufficiently strong to be able to 
also transversely trap electrons which are injected at larger angles. 



III. LASER PULSE DYNAMICS 



In this section we will investigate the dynamics of the laser pulse, while it moves through a typical plasma channel. 
In our calculations we use a linearly polarized axially-symmetrical Gaussian laser pulse with the normalized amplitude, 
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eE^/ (m e cu)L) (|Esarev et al\ , \l99(k , described as: 

(z - Vgt) 



a = a cxp 2 2 ' M 

where eto is the normalized peak amplitude, a is the length of the pulse, v g is the group velocity of the pulse and z 
and r are the cylindrical coordinates. The laser pulse has initially a temporal full- width- at-half-maximum (FWHM) 
duration for the intensity of 50 fs (corresponding to a = 12.7 /im) and is focused to a waist spotsize, Wq, of 30 fim. 
The Rayleigh length, Zr — ttwq/Xl, for such a pulse, with a wavelength (Al) of 800 nm, is 3.5 mm. A plasma channel 
is used to prevent diffraction of the pulse, so that it can be guided over several centimeters. We take a typical plasma 
density of 7 x 10 17 cm" 3 , which corresponds to a plasma wavelength (A p ) of 40 /im. Depending on the chosen peak 
amplitude, the peak power of the pulse is 

P[TW] w 21.5 x 10- 3 (a 7VA L ) 2 » 30.2a 2 ,. (2) 

In comparison, the critical power for relativistic self-focusing is given by (|Esarev et aLl . ll997f ). 

P C [TW] « 17.4 x 10~ 3 (A P /A L ) 2 w 43.5. (3) 

In this article we will restrict to weakly relativistic pulses with a normalized peak amplitude, ao, of 0.6 and 0.8. The 
power corresponding to these pulses is, respectively, 10.9 TW and 19.3 TW, which is well below the critical power for 
self-focusing. However, the dynamics of the laser pulse can still play an important role when the pulse has to travel 
several centimeters through a preformed plasma density channel. The plasma channel is assumed to be crea ted by a 
capillary discharge which generates a parabolic electron density (n p ) profile of the form (|Esarev et all [l997h 



n p (r) = n p (0) 



1 



2 2 



(4) 



where k p = 2?t /X p is the plasma wavenumber and r c h is the channel radius. A Gaussian laser pulse of nonrclativistic 
intensity (a 2 , <C 1) and low peak power (P <C P c ) is guided in such a plasma channel with constant radius wq, if wq is 
matched to the channel, which means that r c h = wq ■ Without such matching, the spot size of the pulse will oscillate 
during propagation. When the power of the laser pulse is of the order of the critical power, which is considered in this 
article, the refractive i ndex becomes a fun ction of intensity through the gamma-factor of the plasma electrons, which 
leads to self- focusing (jEsarev et all [l997h . On the other hand, also the plasma wave generated by the laser pulse 
has a focusing and defocusing effect on the pulse. The front of the pulse, where the electron density has increased, 
experiences a weakening of the total fo cusing, while t he ba ck of the pulse, where the density has decreased, experiences 
an enhancement of the total focusing ( Esarev et aZ.I . fl997h . In this case, self- focusing and plasma wave guiding would 



cause the pulse radius to oscillate even when initially matched to the channel. As a result, also the peak intensity 
of the pulse and the peak amplitude of the generated wakefield would change upon propagation. This would lead to 
a larger energy spread in the trapped electron bunch, as is shown below. Therefore it is desirable that the named 
oscillations are as small as possible. We found that this can be obtained by choosing the channel radius larger than 
required from the matching condition, r c h = wq, such that self- focusing is compensated with a reduced focusing 
(guiding) effect of the channel. 

We calculated the dynamics for las er pulses with ap = 0.6 and ap = 0.8 and the form ed wakefields with the 
fully relativistic particle code WAKE (jAntonsen and Moral . 1199^ : iMora and Antonsenl . [l996). The normalized peak 
intensity, as function of the propagation distance, is plotted in figure[2j The grey lines represent the case of a matched 
channel radius and the black lines represent the case of a channel with a somewhat larger (optimized) radius. One can 
see that for a channel with a larger radius than for exact matching, the amplitude of the oscillations in laser intensity 
are essentially smaller. We found that even wider channels had increased the oscillations again. As expected, the 
oscillations become stronger when the peak intensity is increased and the power comes closer to the critical power. 

In the region of the laser pulse, the plasm a density and so als o the refractive index is varying, which causes an 
additional temporal deformation of the pulse ( Gordon et all [20031 ) . Specifically, the laser pulse is compressed and its 



peak intensity is increasing due to the group velocity dispersion. This pulse compression is responsible for the gradual 
increase of the peak intensity as can be seen in figure [2l and for longer propagation distances, the intensity increase is 
stronger. A drawback of pulse shortening on the wakefield is that it decreases the dephasing length. The laser pulse 
slips backwards, which causes also the wakefield to slip backwards, such that the maximum energy of an accelerated 
electron bunch, which can be potentially obtained, decreases. 

Another effect which needs to be considered, and which was observed in the calculations, is that, during propagation 
of the laser pulse through the plasma, the pulse loses some of its energy, due to the generation of the wakefield. We 
observed that, for ao = 0.6, this loss amounts to about 4% after 6 cm of propagation through the plasma channel. 
For ao = 0.8 we found a loss of about 10% over the same propagation distance. 
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FIG. 2 The maximum laser pulse intensity I„ 
the laser pulse through the plasma channel. 
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, normalized to its initial value Iq as function of the propagation distance of 



IV. EFFECT OF LASER PULSE DYNAMICS ON INJECTION AT AN ANGLE 

In this section we will investigate the dynamics of an electron bunch injected at an angle. Here we also include the 
full dynamics of the laser pulse. We consider wakefields generated by the laser pulses with the parameters chosen in 
the previous section. The dynamics of the electrons are calculated from the equation of motion with our particle tracer 
code. The electrons are trapped in the accelerating phases of the laser wakefield, while the focusing component of the 
wakefield transversely traps the electrons near the wakefield axis, where the accelerating field is at maximum. When an 
electron i s injected into a laser wakefield, there is a minimum e nergy for the electron below which it cannot be trapped 
(see e.g. (|Khachatrvanl [20021 : iKhachatrvan et all , 12004 1200*71 )). We calculated the minimum trapping energy for the 
second accelerating region of the wakefield. The second accelerating region was chosen, because electrons injected at 
small angles can still be trapped here without going through the laser pulse which, essentially, forms a combination 
of injection at an angle and injection in front of the laser pulse. The same parameters as in the previous section were 
chosen for the laser pulse and the plasma channel. The calculation has been done for three different normalized peak 
amplitudes, namely ao = 0.6, ag = 0.8 and ao = 1.0, and r c h — wq = 30 /im. For this set of calculations, the laser 
pulse dynamics was not taken into account, because the trapping time for an electron is much shorter than the typical 
time on which the laser pulse evolves. However, trapping of an electron bunch takes place during a time period on 
which laser dynamics may play an important role, as we will see below. The minimum trapping energy is plotted 
as function of the injection angle in figure [3j One can see that the minimum trapping energy decreases when the 
laser pulse amplitude is increased i.e., a stronger field allows the trapping of less energetic electrons. One also sees 
that the minimum trapping energy decreases for larger angles. However, for ao = 0.6 the minimum trapping energy 
increases again when the angle becomes larger than 5 degrees and a weak increase is seen also for ao = 0.8 beyond 
8 degrees. Because the injected electrons are slower than the laser pulse, they will slip backwards relative to the 
wakefield. If the injection angle is too small, the electrons will approach only slowly the wakefield axis while slipping 
backwards and this slow approach increases the chance to be scattered away from the wakefield in the defocusing 
region. Therefore, for a given laser wakefield and injection energy, there is a minimum injection angle for trapping. 
For larger injection angles the transverse momentum of the electrons is also larger and the faster approach to the 
axis avoids much of this scattering. However, beyond some angle the transverse momentum becomes too large for a 
transverse trapping and the electrons will just pass through the wakefield and cannot be trapped longitudinally and 
accelerated. Therefore, there is also a maximum injection angle for trapping. That an electron requires a minimum 
longitudinal momentum to be trapped in the wakefield can explain the increase in minimum trapping energy for a 
normalized amplitude of ao = 0.6 and ao = 0.8 when the angle becomes large. A larger angle for the same injection 
energy means that the transverse momentum increases and the longitudinal momentum decreases. To compensate 
for the decrease in longitudinal momentum the injection energy has to be increased, which explains why at a certain 
angle the minimum trapping energy increases again. 

For the calculations of the dynamics of an electron bunch we use a bunch with a Gaussian density distribution in 
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FIG. 3 The minimum kinetic trapping energy for the second accelerating region of the wakefield as function of the injection 
angle. 



both longitudinal (z) and transverse (x and y) directions. The bunch has a full-width-at-half-maximum (FWHM) 
duration of 250 fs (75 /im). The FWHM size of the bunch is 67 /im in both transverse directions. The parameters 
of the bunch are chosen in such a way that its center would move through the wakefield axis at about 120 ^m 
behind the laser pulse. In this case electrons can be trapped simultaneously in the first, second, third and fourth 
accelerating regions in the wakefield. The bunch dynamics is calculated for several injection positions in the plasma 
channel. The longitudinal injection position of the bunch in the plasma channel is defined as the distance from the 
channel entrance, at which the edge of the bunch enters the wakefield. More specifically, where the bunch center is 
positioned at a distance 2(7;, + Wo from the wakefield axis, where Gf, is the rms bunch radius. As we saw in section HTT1 
the laser pulse dynamics makes the wakefield change as function of injection position. This means that an electron 
bunch entering the wakefield at a different laser propagation distance in the channel (see section Hill) will experience 
a different wakefield. 

In the following, we present the results of our calculations of the electron dynamics in the wakefield with the 
parameters described in section Mil A typical example of the behaviour of the mean energy and rms relative energy 
spread as function of the propagation distance for an electron bunch injected at an angle is shown in figure [U Here a 
bunch with a kinetic energy of 2.6 MeV is injected at an angle of 4 degrees at 1 cm from the entrance of the plasma 
channel into the wakefield described in section UTT1 with ao = 0.8. We notice that in this case maximum energy and 
minimum energy spread (2.4%) do not coincide. In the rest of this section we will vary several parameters of the 
problem and focus on the behaviour of the collection efficiency and minimum relative energy spread. 

First, we present the results obtained with the initial normalized amplitude of the laser pulse being ao = 0.6, with 
the plasma channel radius set to a value of 32 ^m, which is a bit larger than the matched radius. The length of the 
plasma channel is chosen in such a way that the accelerated electron bunch has minimum relative energy spread, which 
turns out to occur typically between 5 and 7 cm propagation. The collection efficiency and minimum rms relative 
energy spread are plotted as function of the injection position (that is for different laser propagation distances, see 
figure^]) for several different injection energies and for angles of 2, 4 and 6 degrees in figure [5] to [71 One can see that 
the laser pulse dynamics plays an important role, because the energy spread and also the collection efficiency depend 
on the injection position. Specifically, the relative energy spread oscillates as function of the injection position. The 
explanation of this is based on the intensity oscillations described in section Hill For an injection position where the 
gradient of the laser peak intensity (see figure ^ is low, one obtains a low energy spread while, for injection positions 
with a high gradient of the peak intensity, the energy spread becom es larger. The phase of the wakefield, where a n 
electron is trapped, depends particularly on the wakefield amplitude ( Gordon et aLl . 120051 ; iKhachatrvan et aZl. l2007h . 
which is given by the peak intensity and duration of the laser pulse. If the strength of the wakefield changes while the 
bunch is being trapped, the electrons are trapped at different phases in the wakefield, which leads to a larger energy 
spread compared to the case of no laser dynamics. Correspondingly, for a low energy spread, either the laser pulse 
dynamics should be kept weak while the electron bunch is trapped, or the trapping time should be kept small. It can 
be seen that the collection efficiency also depends in some similar, oscillating manner on the position in the plasma 
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FIG. 4 The mean energy (solid line) and rms relative energy spread (dashed line) for an electron bunch injected with a kinetic 
energy of 2.6 MeV, 1 cm from the entrance of the plasma channel at an angle of a — 4° into the wakefield as described in 
section ITTT1 with a normalized amplitude of ao = 0.8. 
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FIG. 5 The minimum rms relative energy spread and collection efficiency of the accelerated bunches versus the injection 
position of the externally injected electron bunch. In this case ao = 0.6 and a = 2°. The curves are shown for kinetic injection 
energies of 2.6, 4.6 and 6.6 MeV. 



channel where the electron bunch is injected. The explanation is that at positions where the laser intensity is higher, 
a stronger wakefield is generated, which can trap more electrons. 

The collection efficiency is maximum for an injection energy that is not too high, but also not too low, depending 
on the injection angle. For too low injection energies electrons cannot be trapped because their initial energy is below 
the minimum trapping energy, and for too large injection energies the transverse momentum of the electrons is too 
large for trapping by the transverse focusing forces. So, for an optimum collection efficiency the injection energy 
should not be too small, but also not too large. 

The figures show that a lower energy spread is obtained for lower injection energies and that a larger injection angle 
can also give a lower energy spread. We observed that the trapping distance for an electron bunch, which is defined as 
the distance travelled by the laser pulse from the point where the first electron is trapped to the point where the last 
electron is trapped, decreases for larger injection angles. This explains the lower energy spread for injection with a 
large r angle, because the longer it takes to trap the bunch the larger the energy spread becomes ( Khachatrvan et~cd\ , 
2004). On the other hand, lower injection energies and larger angles decrease the collection efficiency because there 
are less positions where electrons can be trapped. Thus, a compromise has to be made between collection efficiency 
and energy spread. For example an angle of 4 degrees, an injection energy of 2.6 MeV and an injection position of 1 
cm gives a relatively low energy spread of approximately 1.6% and a reasonably high collection efficiency of 20%. 

The rms transverse size of the accelerated bunches is lying in a range of 1.5 to 3 /im for a — 2°, 1.5 to 5 /jm for 
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FIG. 6 The minimum rms relative energy spread and collection efficiency of the accelerated bunches versus the injection 
position of the externally injected electron bunch. In this case ao = 0.6 and a = 4°. The curves are shown for kinetic injection 
energies of 2.6, 4.6 and 6.6 MeV. 
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FIG. 7 The minimum rms relative energy spread and collection efficiency of the accelerated bunches versus the injection 
position of the externally injected electron bunch. In this case ao = 0.6 and a = 6°. The curves are shown for kinetic injection 
energies of 2.6, 4.6 and 6.6 MeV. 



a — 4° and 1.5 to 6 /jm for a = 6°. For all angles, the final energy is in the range between 300 and 500 MeV, where 
the final energy grows monotonically with decreasing injection energy. 

A second calculation has been done with the same parameters as above, but now with the higher laser pulse intensity, 
namely for ao = 0.8 and a plasma channel radius of 34 fjxa. The results are plotted in figures [5] to 1101 where we 
show again the collection efficiency and energy spread for different injection energies and for injection angles of 2, 4 
and 6 degrees. In general, because the wakefield in this case is stronger than in the previous case, it can be seen that 
more electrons can be trapped for the same injection energy. What can also be noticed is that the minimum trapping 
energy is lower than in the previous case (with ao = 0.6), which means that electrons even with a rather low initial 
kinetic energy of 1.5 MeV can be trapped. 

Qualitatively, one can observe the same behavior as in the previous case, however because the dynamics of the laser 
pulse is stronger, some differences can be seen. The variations in the collection efficiency and the energy spread are 
larger, which makes it even more important to inject at an optimum position in the plasma channel. But then, e.g. 
by choosing the right angle, injection energy and injection position, one can obtain accelerated bunches with less than 
2% energy spread and a good collection efficiency of 20 to 30%. 

A clear difference to the previous case (ao = 0.6) is the behavior of the energy spread for an injection angle of 2 
degrees (figure [5]) and an injection energy of 1.5 MeV as compared to the other angles and injection energies. We 
found that this is caused by a combination of injection in front of the laser pulse and injection at an angle. Electrons 
are trapped about 120 /im behind the laser pulse and because the injection energy is low and the angle is small, part 
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FIG. 8 The minimum rms relative energy spread and collection efficiency of the accelerated bunches versus the injection 
position of the externally injected electron bunch. In this case ao = 0.8 and a = 2°. The curves are shown for kinetic injection 
energies of 1.5, 2.6, 4.6 and 6.6 MeV. 
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FIG. 9 The minimum rms relative energy spread and collection efficiency of the accelerated bunches versus the injection 
position of the externally injected electron bunch. In this case ao = 0.8 and a = 4°. The curves are shown for kinetic injection 
energies of 1.5, 2.6, 4.6 and 6.6 MeV. 
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FIG. 10 The minimum rms relative energy spread and collection efficiency of the accelerated bunches versus the injection 
position of the externally injected electron bunch. In this case ao = 0.8 and a = 6°. The curves are shown for kinetic injection 
energies of 1.5, 2.6, 4.6 and 6.6 MeV. 
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of the bunch goes through the laser pulse in the plasma. 

The energy of the accelerated bunches with ao = 0.8 is generally higher than with a,Q = 0.6, values between 500 
and 800 MeV are obtained. Also in this case, a lower final energy corresponds to a higher injection energy. The rms 
transverse size of the accelerated bunches is in the range of 1 to 3 /xm for a = 2° and 1 to 3.5 /im for a — 4° and 
a = 6°. 



V. SUMMARY AND CONCLUSION 

In this article we have studied the external injection of an electron bunch at an angle into the channel-guided laser 
wakefield including the dynamics of the laser pulse in the plasma channel. It turns out that the dynamics of the laser 
pulse has a large influence on the final energy spread of the accelerated electron bunches. Wakefields created with 
higher power laser pulses have stronger dynamics and the effect on the trapping and acceleration of the electrons is also 
stronger. However by varying the injection position, injection energy and injection angle, the energy spread can be 
minimized, while higher collection efficiencies can be achieved. This shows that, even when the laser pulse dynamics 
becomes important, micron-sized electron bunches accelerated to several hundreds of MeV's can be generated by 
injection at an angle. In particular minimizing the energy spread can be achieved by injecting the electron bunch at a 
position in the channel, where the wakefield is as constant as possible. Minimizing the trapping distance by increasing 
the injection angle and decreasing the injection energy can lower the energy spread even more. 

The energy spread was calculated for all formed and accelerated bunches. However the energy spread for one single 
bunch can be considerably lower. The energy and energy spread of a bunch depends on how far behind the laser 
pulse it is formed. The farther from the pulse, the weaker the accelerating field and the stronger the focussing field 
becomes. The wakefield also gets curved ( Esarev et aLl . [l9 96; Kha chatrvanl Il999l ) . The bunches that are accelerated 



at a greater distance from the pulse in general have a lower energy and a higher energy spread, which means that 
the total energy spread will increase when more bunches are formed. The injected bunch should be kept short to 
minimize the number of formed bunches. 

We can conclude that external injection at an angle into the laser wakefield is an important alternative when the 
scattering of the injected bunch by a laser pulse or by the wakefield in the vacuum-plasma transition should be 
avoided. 
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